Thermal transport in single layer molybdenum disulfide (MoS 2 ) is critical to advancing its applications. In this paper, we use molecular dynamics (MD) simulations with first-principles force constants to study the isotope effect on the thermal transport of single layer MoS 2 . Through phonon modal analysis, we found that isotopes can strongly scatter phonons with intermediate frequencies, and the scattering behavior can be radically different from that predicted by conventional scattering model based on perturbation theory (Tamura's formula). Such a discrepancy becomes smaller for low isotope concentrations. Natural isotopes can lead to a 30% reduction in thermal conductivity for large size samples. However, for small samples where boundary scattering becomes significant, the isotope effect can be greatly suppressed. It was also found that the Mo isotopes, which contribute more to the phonon eigenvectors in the intermediate frequency range, have stronger impact on thermal conductivity than S isotopes. 11, 12 and found the value to be 26.2 W/mK at room temperature. Klemens' formula, however, involves significant approximation on the phonon scattering phase space, which can lead to large error in thermal conductivity prediction. Theoretically, 2D materials should have divergent thermal conductivity as a function of length due to the special 2D feature of the phonon dispersion, which prevents some low frequency phonons to be scattered. 13 Gu et al. 14 used iterative solution of phonon Boltzmann transport equations (BTE) with first-principles lattice dynamics and found the thermal conductivity at room temperature to be around 100 W/mK with a sample length of 1 μm. The lack of convergent data from different MD simulations is likely due to the fact that it is very hard for the empirical potentials to precisely describe both the harmonic and anharmonic properties of the interactions, which are both important for thermal conductivity prediction.
Single layer molybdenum disulfide (MoS 2 ) is an attractive two dimensional (2D) material due to its intrinsic bandgap of 1.8 ev and high electron mobility around 200 cm 2 V -1 S -1 , which can potentially enable applications in transistors, photovoltaics and valleytronics. [1] [2] [3] [4] [5] Due to the extremely thin geometry of single layer MoS 2 , a small amount of Joule heating can lead to large temperature rises, impairing the device performance and reliability. This makes the understanding of thermal transport in MoS 2 of great importance. On the other hand, recent work shows that MoS 2 can have very large Seebeck coefficient ranging from -4×10 2 to -1×10 5 µV/K, shedding lights on its promise in thermoelectric applications. 6 In this aspect, the ability to reduce thermal conductivity is valuable since a low thermal conductivity can potentially enhance the energy conversion efficiency of thermoelectrics.
The thermal conductivity of few-layer and single-layer MoS 2 has been studied recently. Yan et al. 7 measured the thermal conductivity of suspended single layer MoS 2 by Raman spectroscopy and found the value to be around 34.5 W/mK. Using the same method, Sahoo et al. 8 reported that the thermal conductivity of few layer MoS 2 was ~52 W/mK. Liu et al. 9 used pump-probe to measure thermal conductivity of bulk MoS 2 and found the in-plane value to be 85~110 W/mK.
Wei et al. 10 calculated the thermal conductivity of single layer MoS 2 using Klemens' formula 11, 12 and found the value to be 26.2 W/mK at room temperature. Klemens' formula, however, involves significant approximation on the phonon scattering phase space, which can lead to large error in thermal conductivity prediction. Theoretically, 2D materials should have divergent thermal conductivity as a function of length due to the special 2D feature of the phonon dispersion, which prevents some low frequency phonons to be scattered. 13 Gu et al. 14 used iterative solution of phonon Boltzmann transport equations (BTE) with first-principles lattice dynamics and found the thermal conductivity at room temperature to be around 100 W/mK with a sample length of 1 μm.
Cepellotti et al. 15 used similar methods and found the thermal conductivity without length effect to be 400 W/mK at room temperature. Both of these studies found that the iterative solution of BTE provides higher thermal conductivity than those predicted using the single mode relaxation time approximation (SMRTA). This is because SMRTA includes both Normal and Umklapp processes as resistive scatterings, but the Normal processes conserve momentum which thus
should not lead to thermal resistance. The lack of convergent data from different MD simulations is likely due to the fact that it is very hard for the empirical potentials to precisely describe both the harmonic and anharmonic properties of the interactions, which are both important for thermal conductivity prediction.
Despite all these efforts in pure MoS 2 , no study has been performed to investigate the isotope effect. Generally, isotopes can reduce thermal conductivity by phonon scatterings while maintaining the electronic properties, 20 which is attractive for thermoelectric applications. On the other hand, achieving isotope-enriched samples will reduce such phonon scattering and thus improve thermal conductivity, which will be beneficial for thermal management of electronics self-heating.
In this paper, we study the effect of isotope on the thermal conductivity of single layer MoS 2 using MD simulations. To ensure the accuracy of the MD potential, we extract the interatomic force constants from first-principles calculations, and used the second and third order force constants in MD simulations to describe the interatomic interactions (see supplementary information (SI)). 21 This method has led to accurate prediction of phonon dispersion and thermal conductivity for different materials. [22] [23] [24] [25] [26] [27] Combined with phonon modal spectral energy density (SED) analysis, MD simulations are performed to extract the phonon relaxation times, and the effect of isotope on the relaxation times is studied. The relaxation times due to isotope scattering obtained from the MD simulations are found drastically different from those predicted by the conventionally used Tamura's isotope scattering formula especially at high isotope concentrations. 28 It is found that natural isotopes can greatly reduce the thermal conductivity. By tuning the type and concentration of isotopes artificially, further thermal conductivity reduction can also be achieved.
We first calculate the thermal conductivity of single layer MoS 2 without isotopes using NEMD to validate our model. It is well-known that in NEMD simulations, there is a finite size effect which effectively limits the phonon mean free path (MFP) to the distance between the two thermostats which scatter phonons artificially (Fig. 1a) . 22, 29, 30 Phonons, which have intrinsic MFPs longer than the simulation domain size can transport ballistically, and their contributions to the apparent thermal conductivity are suppressed. 31, 32 Such a classical size effect provides the opportunity to study the thermal conductivity as a function of sample length, which is shown in Fig. 1b . There is an obvious increase in thermal conductivity when the sample length increases, in which case longer MFP phonons start to contribute to thermal conductivity. Compared with the reference data from first-principles calculations, 14, 16 our NEMD results show a generally good agreement.
Due to limitations on the computational resource, samples longer than 200 nm are not simulated.
To extend the range of length, we performed SED analysis 33, 34 to extract the phonon relaxation times ( Fig. 2a) and used Eq. 1 below to calculate the thermal conductivity as a function of length.
Details of NEMD simulation and SED analysis are included in SI. 35, 36 Corresponding to this length, our predicted thermal conductivity using the SED is ~140 W/mK. Considering the interlayer phonon scattering in the bulk samples and the isotope scattering in experimental samples, we regard this as a good agreement between our MD prediction and this pump-probe experimental datum.
With the confidence in our model, we then investigate natural isotope effect on the thermal conductivity of single layer MoS 2 . Tamura's formula 28 (Eq. 2) derived from perturbation theory is usually employed to describe isotope scattering, and it has been used to study isotope effect in 2D materials.
15, 37 we calculated the cumulative thermal conductivity as a function of frequency according to Eq. 1 and found that the thermal conductivity can be dramatically reduced (Fig. 2b) .
It is worth noting that Eq. 2 assumes that the concentration of the isotopes approaches the dilute limit. However, it is known that the isotope phonon scattering also depends on the density and the clustering of isotopes, 37 and thus Eq. 2 could lead to inaccuracy. We then simulate single layer MoS 2 with natural isotope composition in MD, and use SED to extract the phonon relaxation times (pink circles, Fig. 2a ). It is found that the relaxation times estimated from Tamura's formula are uniformly smaller than those extracted from SED, which leads to a difference of 70 W/mK in total thermal conductivity. This suggests that the use of the Tamura formula can lead to inaccuracy for predicting thermal conductivity of MoS 2 with natural isotope compositions. It is worth mentioning that this inaccuracy can be from either the Tamura formula itself or the Matthiessen's rule, but we cannot separate their effects.
As can be seen, the difference in relaxation time from the SED and Tamura's formula becomes obvious when frequency is larger than 2 THz, and the difference is generally larger at higher frequencies. Phonons with frequencies between 2 to 7 THz are the main contributors to the total thermal conductivity in (Fig. 2b) . Thus, the relaxation time difference in this mid-frequency range is responsible for the large thermal conductivity difference between the two different methods. For phonons with higher frequency, the inaccuracy of the Tamura formula does not contribute much to the error in thermal conductivity (Fig. 2b) . The reason is that the phonon group velocities of optical phonons are much smaller compared to the low frequency acoustic modes (Fig. 2c) . Considering that the modal contribution to thermal conductivity scales with v 2 (Eq. 1), the effect of the relaxation time difference is largely suppressed. This is also the reason of the very flat profiles after 7 THz in the cumulative thermal conductivities (Fig. 2b) .
To further evaluate the applicability of the Tamura formula, we calculated the relaxation times and thermal conductivities for different Mo isotope concentrations. As shown in Fig. S6 in SI, 21 the accuracy of the Tamura formula improves as the isotope concentration becomes lower, but the discrepancy is already noticeable when the concentration is 5% (Fig. S6) . The application of Tamura's formula can be reasonable for low isotope concentrations (dilute limit), but at higher concentrations large errors can be expected.
The above discussion on isotope scattering has not yet involved size effect which can compete with the isotope effect. In Fig. 3a and 3b, we plot relaxation times for two different sample lengths and illustrate this competing effect. Comparing these two figures, it is clear that for the short sample (L = 200 nm), length effect (boundary scattering) dominates the phonon scattering for acoustic phonons, and the isotope scattering effect is significantly suppressed. The only obvious impact from isotope is at the high frequency (optical phonons)
region. However, since these phonons do not contribute much, the thermal conductivity for the L = 200 nm sample only show a ~5% reduction when the isotopes are introduced (Fig.   3c ). We have also calculated the thermal conductivity of the isotopic MoS 2 using NEMD directly for L = 206 nm -the largest length we can simulate -and found the thermal conductivity is reduced to 38 W/mK from 41 W/mK (a ~7% reduction), which agree reasonably with the SED prediction. However, for the longer sample (L = 2μm), the isotope scattering becomes more significant especially for the mid-frequency region (boxed in Fig.   3b ). As discussed before, these modes contribute significantly to the thermal conductivity and thus the natural isotope scattering can lead to a large reduction in thermal conductivity by ~ 30% (Fig. 3c) .
With both isotope effect and length effect considered in Fig. 3c , the thermal conductivity of natural MoS 2 for samples with grain sizes of 1-2μm here is expected to be 95-120 W/mK.
This range matches better with the pump-probe measurement by Liu et al. 9 on the in-plane Fig. 4a . Even though the large uncertainties prevent very quantitative analysis of the data, the overall trends generally agree with those observed in alloy effect on thermal conductivity: 38 when the mixing ratio changes, thermal conductivity drops first, followed by a flat region, and then increases.
It seems that the Mo isotopes have a larger impact on the thermal conductivity than the S isotopes. To explain this, we extract phonon relaxation times for systems with 50% Mo and 50% S isotopes, respectively, using both SED analysis and the isotope scattering rates from Tamura's formula ( Fig. 4b and 4c) . Despite the difference between methods, both sets of relaxation times show the same trend: S isotopes can more easily influence high frequency modes (i.e., optical phonons from 8 to 14 THz) which do not contribute much to thermal conductivity. In contrast, Mo isotopes play a more significant role in the frequency range of 2-7 THz. Their impact to phonons in this frequency range can lead to larger effect in thermal conductivity since these phonons dominate thermal transport. The cause of these observations can be traced back to the phonon eigenvectors included in the Tamura's formula (Eq. 2): Mo, as the heavier atom, contributes to the eigenvectors of low frequency phonon modes more than the S atom. The largest thermal conductivity reduction when Mo isotopes are introduced is ~ 20%, which is larger than the 7-10% achieved using natural isotopes for the same sample length. It is worth noting that when the same study is performed for samples with much longer lengths, it is expected that the thermal conductivity reduction would be further larger.
In this paper, we studied the isotope effect in the thermal conductivity of single layer MoS 2 .
We found that the natural isotopes can reduce the thermal conductivity by as much as ~30%.
Such reduction is mainly due to the isotope scattering of phonons with mid-range frequencies.
It is also found that the conventionally used Tamura's scattering formula can lead to large error in relaxation time prediction when isotope concentration is large. The error becomes smaller when isotope concentration is very small (1%). Isotope effect is more pronounced when the sample length is large where the boundary scattering effect is small. By tuning the isotope compositions artificially, larger thermal conductivity reduction can potentially be achieved, and it is found that Mo isotope is more effective in thermal conductivity reduction. 
Interatomic interaction from first-principles force constants
We use MD with the interatomic interactions expressed by force constants. The interatomic potential, V, and force, F, can be expressed by the displacements, u , of atoms from their equilibrium position using Taylor series expansion. Here, we show the expansion up the third order.
where ,, i j k denote the indices of atoms, and ,, It is worth mentioning that in some material systems, truncating the potential at the third order term will lead to instability of the system at room or high temperatures. 3 For MoS 2 , the system is found to be stable at temperatures below 1000 K with the second and the third order terms included.
The force constants are extracted from first-principles DFT calculations. The DFT calculations are performed using the planewave based Quantum-Espresso package. atoms is used for the calculations (Fig. S1 ). The details of the method to extract the force constants can be found in Ref. It is notable that not all of the force constants are independent of each other. The translation invariance and space group symmetries must be considered for the specific lattice structure studied. Failure to consider the symmetry relations of force constants can result in extra phonon scattering channels and instability in MD simulations. The symmetries we applied include translational invariance of system (Eq. (S3)) and invariance under symmetry operations (Eq. (S4)):
Here W is the 3×3 matrix of symmetry operation. S i is the index of a new atom by symmetry operation of atom i. All the force constants extracted from first-principles calculations are listed in Tables S1 & S2 . We validate the accuracy of the harmonic force constants by comparing the calculated phonon dispersion relation to reference data (Fig. S2) . It is seen that our calculated phonon dispersion agrees with the reference data favorably, indicating the accuracy of the harmonic force constants. The accuracy of the cubic force constants is indicated by the calculated thermal conductivity in the main text which agrees well with other first-principles lattice dynamics calculations. 
Molecular dynamics (MD) simulation details
To calculate the thermal conductivity of MoS 2 , we use non-equilibrium MD (NEMD), in which we apply a temperature gradient across the sample in the x-direction by setting each end of the sample at different temperatures using Langevin thermostats (Fig. 1a) . At the steady state, the heat flux (J) can be extracted by monitoring the rate of energy input and output at the thermostats.
Thermal conductivity is then calculated according to Fourier's law, / k J T    , with the temperature gradient, T  , being the slope of the linear portion of the steady state temperature.
The simulations are carried out at 320 K, which corresponds to room temperature after quantum correction. 8 The temperatures of the thermostats are set to 330 K and 310 K, respectively. We 
Quantum correction of temperature
To calculate the thermal conductivity, we take the quantum effects into account, which is important at temperatures below the Debye temperature and is usually not considered in the classical MD simulations. The quantum temperature of the system can be related to MD temperature by:
8 Figure S3 . MD temperature as a function of quantum temperature.
Phonon relaxation time from spectral energy density analysis
In order to calculate phonon relaxation times, equilibrium MD simulations are performed.
The simulations run at 320 K. We first calculate the spectral energy density function, which is the average kinetic energy per unit cell as a function of wave vector. By recording the velocities of atoms as a function of time, the spectral energy density can be calculated as: To further evaluate the applicability of the Tamura formula, we have also calculated the relaxation times and thermal conductivity for different Mo isotope concentrations. As shown in Fig. S6 in the supplemental file, the accuracy of the Tamura formula improves as the isotope concentration becomes lower, but the discrepancy is already noticeable when the concentration is 5% (Fig. S6) . It can be concluded that the application of Tamura formula is reasonable for low isotope concentrations (dilute limit), but at higher concentrations large error can be expected. 
Thermal conductivity from different phonon branches
Here we decompose the total thermal conductivity into the contributions of different phonon branches. Figure S7 shows the thermal conductivity of different phonon branches as a function of length. Unlike graphene that ZA mode dominates the thermal transport, for MoS 2 , ZA and TA modes here contribute similarly, followed by LA modes. The optical modes contribute the least.
It is seen that the optical modes are less influenced by the size effect due to their small relaxation times, group velocities and thus small mean free paths. On the contrary, acoustic modes, which have longer mean free paths, contribute more when size increases.
